The proportion of cultured microorganisms is dramatically lower than those predicted to be involved in colonization, acute, or chronic infections. We report our laboratory's contribution to promoting culture methods. As a result of using culturomics in our clinical microbiology laboratories (including amoeba co-culture and shell-vial culture) and through the use of matrix-assisted laser desorption/ionization-time-of-flight and the 16S rRNA gene for identification, we cultured 329 new bacterial species. This is also the first time that 327 of species have been isolated from humans, increasing the known human bacterial repertoire by 29%. We isolated 4 archaeal species for the first time from human, including 2 new species. Of the 100 isolates of giant viruses, we demonstrated the human pathogenicity of Mimivirus in pneumonia and Marseillevirus in diverse clinical situations. From sand flies, we isolated most of the known Phlebovirus strains that potentially cause human infections. Increasing the repertoire of human-associated microorganisms through culture will allow us to test pathogenicity models with viable microorganisms.
Only the tip of the species constituting the microbial iceberg are currently known, reflecting the fact that "we know only what we seek. " Of the 10 million predicted bacterial species [1] , only 14 300 have been cultured, which is quasi-similar for archaeal species, viruses, and eukaryotes [2] . If we do not expand the spectrum of the repertoire, we risk missing many species with clinical involvement, as has long been the case with rickettsial diseases [3] . Expanding the microorganism repertoire should include both commensal species and species detected in the human environment, including inanimate environments and animals, as those species may eventually become pathogenic in certain conditions. By means of example, 39 years passed between the first description of Rickettsia parkeri and the first human case being described in 2004 [3] . Most of the studies performed on the human microbiota repertoire have mainly focused on bacterial diversity, but the repertoire of the Eukaryota, Archaea, and viruses including giant viruses associated with humans has also dramatically increased in recent years [4] . It remains essential to present the case reports of the newly or rarely prokaryotes isolated in humans and to increment the database allowing the identification of microorganisms (16S ribosomal [rRNA] and matrix-assisted laser desorption/ionization time-of-flight [MALDI-TOF] spectra databases) to know whether the microbes isolated once in humans belong or not to the human microbiome.
To promote the rebirth of culture methods in microbiology [5, 6] , in this article we propose a comprehensive review of our laboratory's contribution of the past 30 years to increasing the repertoire of human-associated microorganisms.
existence of giant viruses associated with protozoa [11] . The first isolation was performed using the shell vial assay from cooling tower samples [12] . After this, we modified the protocol using microplates [11] then used a high-throughput system with amoeba monolayers on nonnutrient agar [13] . Our most recent developments using extended panels of protozoa associated with flow cell cytometry should increase the rate with which known and new giant viruses are isolated [14] .
Using co-culture amoeba, we isolated 22 bacterial species (including 21 new bacterial species) from water or air-conditioning samples, including water from hospital networks comprising 6 new Legionella species and a new phylum (Babela massiliensis) ( Table 1; Supplementary Tables 1 and 2 ). Although some giant viruses have been isolated with their protozoal hosts, such as the Cafeteria roenbergensis virus, we isolated an amoeba from a human sample suspected of harboring a giant virus superinfected by a virophage [15] .
Plants
We cultured Pepper mild mottle virus (PMMoV) by inoculating 3 pepper-derived food items (spicy powder, pepper, and Tabasco) on Nicotiana tabacum plants, as demonstrated by the development of typical symptoms on tobacco leaves and viral detection in lesions [16] . In addition, tobacco mosaic virus was cultured on tobacco plants inoculated with cigarette tobacco, from 18 of the 34 (53%) samples. Our study linked the presence of PMMoV RNA in stools with a specific immune response and clinical symptoms, suggesting the possibility of a direct or indirect pathogenic role for plant viruses in humans [16] .
Animals

Arthropods
We isolated 23 different rickettsial species from arthropods including from Ixodes ovatus (Rickettsia asiatica), Ixodes persulcatus (Rickettsia tarasevichae), Amblyomma testudinarium (Rickettsia tamurae), Rhipicephalus sanguineus, Hyalomma species, and Dermacentor species. Bartonella massiliensis, Bartonella senegalensis, and Occidentia massiliensis were isolated from Ornithodoros sonrai whereas Rickettsia felis was cultured from fleas (Table 1; Supplementary Tables 1 and 2) .
A relative of Marseillevirus that we named Insectomime was isolated from the internal tissues of the diptera Eristalis tenax larva collected in Tunisia and inoculated on Acanthamoeba polyphaga. We also isolated a faustovirus from a batch of crushed Culicoides species, inoculated on Vermamoeba vermiformis (Table 2) .
From mosquitoes, new insect-specific flaviviruses were isolated, characterized by complete genome sequencing and evolutionary studies [17] [18] [19] [20] [21] . Over the past decade, multidisciplinary integrated projects have isolated a large number of phleboviruses transmitted by phlebotomine sand flies from the Old World. Of the 32 strains isolated over the last decade, 23 were obtained in our laboratory: Punique, Massilia, Adana, Toros, Zerdali, Medjerda Valley, and Dashli viruses, among others. Genetic and phylogenetic analysis using such sequences have made it possible to design, evaluate, and stockpile real-time reverse-transcription polymerase chain reaction (PCR) assays targeting individual viruses or groups of viruses to be used for diagnostic purposes in clinical and research laboratories. These systems are all available through the European Virus Archive collection (www.european-virus-archive.com/) [22] [23] [24] [25] [26] [27] . Interestingly, the systematic inoculation of sand flies collected in Ecuador resulted in the isolation of a novel flavivirus, which is, thus far, the only representative of its evolutionary lineage [28, 29] (Table 3) .
Other Animals
We isolated 5 new bacterial species from the gorilla gut. In addition, we cultured 8 new Bartonella species from rodents and 1 from a kangaroo (Bartonella australis). We isolated 1 new species from a lizard (Streptococcus varani) and one from a lungfish (Chryseobacterium senegalense). Finally, we cultured Lactobacillus ingluviei from ostriches whose inoculation led to weight gain and liver enlargement in mice (Table 1;  Supplementary Table 1) . Hirudovirus, a mimivirus strain, was isolated by inoculating the processed internal organs and digestive tract of a leech, collected in Tunisia, on a culture of Acanthamoeba polyphaga (Hiruda medicinalis) ( Table 2) .
Finally, a culture-based approach was used to analyze the gut mycobiota of yellow-legged gulls (Larus michahellis) in 5 breeding colonies spread along the Mediterranean coast in southern France, which have been studied for the first time. Seventeen distinct yeast species were identified, including antifungal-resistant opportunistic pathogenic yeast species such as Candida albicans, Candida glabrata, and Candida krusei [30] .
Commensal Microorganisms in Humans
Bacteria
The known repertoire of human-associated bacteria is limited and includes only 2200 cultured commensal and pathogenic bacteria, of which approximately 30% were first discovered in our institute [4] . The dramatic increase in interest in the microbiota, initially based only on metagenomic studies, led us to develop a new strategy known as culturomics, to complete the human gut repertoire [31] . This study began in 2010 when only 690 bacterial species had been cultivated from the human gut [32] . Our strategy has consisted in multiplying culture conditions (up to 212 different ones) [31] , with bacterial identification using MALDI-TOF, enabling rapid and cost-effective identification and allowing large number of colonies to be tested [33, 34] (Figure 1 ). Unidentified bacteria and bacteria previously unknown in humans were tested by 16S rRNA amplification and sequencing to be identified [35, 36] . The bacteria with 16SrRNA gene sequence similarity <98.7% were considered as new bacterial species and those with <95% similarity as new bacterial genera [37] (Figure 1 ). Overall, culturomics has enabled us to identify 247 new bacterial species from the human gut, 269 species isolated for the first time from humans, and 250 species isolated for the first time from the human gut ( Figure 2 ). This has more than doubled the number of species cultured from the human gut [32] . We are currently performing similar culturomics studies from vaginal, urine, skin, and respiratory tract samples. In addition, genome sequencing of the new species isolated by culturomics completed the database used for the analysis of metagenomic studies, shedding light on part of the unidentified genes usually known as "dark matter" [32, 38] . As we progressively generated several millions of spectra, the increase in the MALDI-TOF databases allowed us to easily and rapidly identify previously unknown bacterial species, which had previously been impossible to identify using classic phenotypic identification methods (Figures 1 and 2) . Finally, the influence of bacteria in cancer immunotherapy effects [39] , in the control of body weight, in malnutrition [40] , or in obesity could be tested using models including viable bacteria rather than only bacteria deduced by their sequence.
This rapidly increasing number of new bacterial species led us to first propose a new polyphasic strategy to describe novel bacterial organisms, known as taxonogenomics, which combined phenotypic and biomolecular structural data (including MALDI-TOF spectra) and genome sequencing [37] (Figure 1 ). This approach has the advantage, compared with DNA-DNA hybridization and chemotaxonomic methods, of exhibiting great intra-and interlaboratory reproducibility. However, a complete description of a novel organism requires a valid publication, which can be a time-consuming process. To make the new species available as quickly as possible to the international scientific community, we then used the model of the genome announcement made to address the growing number of sequenced genomes [41] to create a format known as the "new species announcement, " including brief phenotypic data, 16S rRNA GenBank accession number, and deposition number in our international collection of strains [42] .
Archaea
Our protocol for culturing methanogens yielded a previously unknown methanogen, Methanomassiliicoccus luminyensis [43] , the largest methanogen harboring the largest genome ever isolated in humans [44] and the representative of a completely new seventh order of methanogens [45] . This protocol also resulting in the isolation of all 6 methanogens currently cultured from the human gut microbiota, including 4 new isolations (Methanobrevibacter millerae, M. luminyensis, Methanobrevibacter oralis, Methanobrevibacter arboriphilicus) [46] (Table 4 ). In addition, the 2 sole human halophilic archaea (Haloferax alexandrinus and Haloferax massiliensis) were isolated in our laboratory [32] (Table 4) . We recently performed an aerobic culture of Methanobrevibacter smithii and M. oralis, after we designed a device to simplify the culture-based detection of methanogens for every clinical microbiology laboratory with a view to expanding the limited knowledge we have of the repertoire of these archaea in microbiota and to further explore their potential as pathogens in mixed infections [47] (Table 4) .
Giant Viruses
Using the culture procedures that are implemented primarily for environmental samples, giant viruses have been isolated from humans since 2012. A close relative of Marseillevirus, known as Senegalvirus, was the first giant viral strain retrieved from a human. This virus was isolated on A. polyphaga from the feces of a healthy young man in Senegal [31] . Another Marseillevirus, known as Giant Blood Marseillevirus, was then transiently grown by inoculating the Marseillevirus DNA-positive serum of a blood donor on Jurkat cells, an immortalized line of human T-lymphocyte cells [48] (Table 2 ).
Eukaryotes
Although fungi represent an important part of the eukaryotic microorganisms in the human gastrointestinal tract, few studies focused on the fungal repertoire of the human gut using culture [49, 50] . Of the 278 fungal species reported in the human gut, only 75 (27%) were detected using culture-dependent methods [51] , demonstrating that a great deal of work is currently needed to improve fungal isolation from human microbiota. We conducted a first culturomics investigation of a stool sample from an obese person, which led to the isolation of 16 fungal species [50] . Of these species, 8 were not previously isolated or detected in the human gut, including 6 ascomycetes (Aspergillus flavipes, Penicillium brevicompactum, Beauveria bassiana, Penicillium dipodomyicola, Penicillium camembertii, and Isaria farisona) and 2 basidomycetes (Climacocystis species and Malassezia restricta) ( Table 5 ). In a second work, 11 fungi were isolated from 7 fecal samples collected in 4 tropical countries [49] (Table 5) . These comprised 2 ascomycetes species (Davidiella tassiana and Davidiella species) not previously described in the human gut [49] . More recently, we applied culturomics to 14 stool samples; the analysis resulted in the identification of 38 fungal species, 13 of which had never previously been found in the human gut, and 2 fungal species, Penicillium glandicola and Ascosphaera apis, which had never before been isolated from clinical samples (unpublished data). Further work is required to develop new and well-adapted media to isolate fungi, especially for Basidiomycota and Zygomycota, and to standardize the fungal culturomics procedure as it has been applied for bacterial culturomics.
PATHOGENS IN HUMANS
Bacteria
Twenty-five bacterial species (including 23 new species and subspecies) were isolated from the environment and were also considered as human pathogens. This included 4 bacterial species isolated using co-culture amoeba (Bosea massiliensis, Bradyrhizobium massiliensis, P. acanthamoeba, and Legionella drancourtii) associated with pneumonia [52] . Seroconversion for Diplorickettsia massiliensis and quantitative PCR (qPCR) detection of Arsenophonus nasoniae have suggested human infections (Table 1; Supplementary Table 2) . Finally, 18 rickettsial species and subspecies detected from ticks and fleas were associated with human infections (Supplementary Table  2) . One of them, R. felis, is an emerging pathogen commonly detected in febrile patients in sub-Saharan Africa, which causes an eruptive fever known as "yaaf " [53] . In addition, we described a syndrome characterized by scalp eschars and neck lymphadenopathy following tick bites known as SENLAT and caused by Rickettsia slovaca and Rickettsia raoultii or, occasionally, by Bartonella henselae [54] . Our expertise, comprehensively using the shell-vial culture assay followed by a centrifugation shell-vial technique called JNSP for je ne sais pas ("I don't know [what I am growing]") also enabled the first culture of Tropheryma whipplei in 2000. Fifty different T. whipplei strains have now been established from diverse human fluids and tissues, increasing the understanding of T. whipplei infections and enabling us to propose evidence-based antibiotic protocols supported by in vitro observations and clinical outcomes [55] . We also described the fastidious culture of other causative agents of endocarditis (Bartonella mayotimonensis, Bartonella alsatica, Bartonella vinsonii subspecies arupensis, and B. vinsonii subspecies berkhoffi) (Supplementary Table 3 ).
Of the 11 new mycobacterial species that we isolated from humans, 5 are considered to be pathogenic for humans (Mycobacterium barassiae, Mycobacterium bolletii, Mycobacterium conceptionense, Mycobacterium massiliense, and Mycobacterium tahitimassiliense) (Supplementary Table 3 ). Finally, we reported the culture of 43 new bacterial species and 51 bacterial species first isolated from human samples and identified using both 16S rRNA amplification and sequencing and MALDI-TOF [33, 36] as bacterial identification tools (Table 1; Supplementary Tables 3 and 4 ). For these species of bacteria, only time will tell if they are commensal or pathogenic (Supplementary Tables 3 and 4 ). In terms of MALDI-TOF identifications in routine laboratory work from 2011 to 2016, 12 different species primarily isolated by culturomics were subsequently isolated in pathological circumstances, enabling the microbiological documentation of 57 cases [32] .
Archaea
Likewise, a culture-based comparison of the microbiota in patients with severe periodontitis and controls yielded M. oralis in both groups, M. smithii in 2 patients, and a new species, known as Methanobrevibacter species strain N13, in patients with periodontitis [56] (Table 4 ). In addition, we recently successfully cultured M. smithii and Bacteroides thetaiotaomicron from a chronic paravertebral muscle abscess in a 41-year-old man [57] . 
Viruses
Although the Toscana virus is a recognized agent of meningitis, encephalitis, and peripheral neuroinvasive manifestations, the number of complete genome sequences is strikingly low. Accordingly, in collaboration with the French Reference Centre for Arboviruses, we decided to isolate and sequence all strains of the Toscana virus to better understand its genetic diversity. Thus far, all but 1 of the 15 genomes were sequenced in our laboratory [26, [58] [59] [60] [61] . In addition, clinical material received by the Arbovirus Reference Center has been inoculated onto Vero and C6/36 cells, and isolates are being completely sequenced using a systematic approach. Since 2012, a total of 272 strains of arboviruses, mainly belonging to the Flavivirus and Alphavirus genera, have been isolated.
Giant Viruses
The first strong evidence of human infection with a giant virus was observed in a laboratory-based infection of a technician who handled large quantities of Mimivirus and who developed unexplained pneumonia with seroconversion [62] . Two mimiviruses were then isolated on A. polyphaga from 2 Tunisian patients presenting pneumonia of unexplained etiology. The LBA111 virus was isolated from the bronchoalveolar fluid of a 72-year-old woman [63] , and Shan virus was isolated using a high-throughput culture system from the feces of a 17-yearold girl [64] . This bolstered the theory of a causal link between mimiviruses and pneumonia. In addition, a Mimivirus known as Lentille virus and its virophage (Sputnik 2) was concurrently cultured from the contact lens rinse liquid of a patient with keratitis [15] . A high immunoglobulin G titer of Marseillevirus was highlighted in serum from an 11-month-old boy with lymphadenitis. The virus was detected by PCR in his serum and by fluorescence in situ hybridization (FISH) and immunohistochemistry in his lymph node, suggesting a possible primary infection [65] . We also recently identified Marseillevirus in the lymph node of a 30-year-old woman diagnosed with Hodgkin lymphoma, by PCR, FISH, direct immunofluorescence, and immunohistochemistry [66] . Finally, we recently reported the detection of Marseillevirus in the pharynx and the blood of a 20-year-old man with neurological disorders [67] .
Eukaryotes
MALDI-TOF mass spectrometry (MS) revolutionized the identification of filamentous fungi in clinical laboratories. While the accuracy of conventional morphological identification does not exceed the species complex level, the accuracy of MALDI-TOF MS-based identification is similar to the nucleotide sequence-based identification gold standard [68] . Enhanced filamentous fungi identification in the clinical laboratory, based on MALDI-TOF-MS technology coupled with an efficient reference spectrum database, is improving our understanding of the epidemiology and clinical importance of these previously unknown fungal species [69] . For example, the Agaricomycetes Schizophyllum commune, a common rotten wood saprophyte that was previously considered to be nonpathogenic for humans, is now a recognized chronic fungal rhinosinusitis agent that can cause invasive forms of the disease [70] .
CONCLUSIONS
Overall, we isolated 329 new bacterial species from humans and 327 bacterial species that were previously known but isolated from humans for the first time (Table 1; Figure 2 ). These 656 bacterial species correspond to an increase of >29% of the bacterial repertoire associated with humans ( Figure 2) . We increased the gut archaeal human-associated repertoire, adding 4 different species, including 2 new species (Table 4) . Our laboratory leads the way regarding the culture of giant viruses (with >100 different isolates), strongly suggesting their human pathogenicity (Table 2 ). More than 70% of the phlebovirus strains transmitted by phlebotomine sand flies that have been isolated in the last decade were isolated in our laboratory. Finally, we have extended the culture of eukaryotes associated with humans, notably from the human gut.
In conclusion, we have demonstrated that the borders between pathogenic and commensal microorganisms and between environmental and human-associated microorganisms are frequently narrow and that only greater efforts to increase the whole microorganism repertoire are needed to better understand infectious diseases [39, 71] .
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